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ABSTRACT 
Lanthanum substituted lead zirconate-t itanate (PLZT) 
ceramics of composit ion 11.1/55/45 have been studied 
by measuring high electric field properties. Dc bias, 
dielectr ic and P-E hysteresis loop measurements have 
been employed to construct an E (electric field) ver- 
sus T (temperature) phase diagram. At lower tempera- 
tures and small electric fields an antiferroelectr ic 
phase with tetragonal symmetry has been found. Applying 
high electric fields gives rise to a f ield- induced 
phase transit ion from the anti ferroelectr ic to the fer- 
roelectric state, however, without X-ray detectable 
change in crystal symmetry. 
Introduction 
In the perovskite system (Pb,La) (Zr,Ti)O 3, usually called 
PLZT, interesting electrical and electrooptical properties have 
been found. Especial ly PLZT with a Zr to Ti ratio of 65 to 35, 
abbreviated as PLZT x/65/35 (x=La content in at.%) offers possi- 
bi l it ies for useful appl ications Iii. 
The phase relations and dielectric properties of PLZT x/65/35 
have been investigated intensively 12,3,4]. For investigations 
of diffuse phase transit ions in PLZT ceramics Wolters and Burg- 
graaf 15,61 have chosen PLZT with a Zr to Ti ratio of 55 to 45 
(PLZT x/55/45). These composit ions have been chosen to avoid ad- 
dit ional phase transit ions like the rhombohedral to tetragonal 
~ hase transit ion (see the phase diagram for PLZT by Heartl ing 71).This phase transit ion can disturb the ferroelectric (FE) to 
paraelectr ic (PE) transition, which is under study here. To 
know more about exist ing phases and phase transit ions it looks 
useful to study high-f ield dielectr ic properties. It is already 
known that crystal structure and physical properties of PLZT 
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ceramics are strongly dependent on high electric fields 12,4,8,91. 
Here, we especial ly want to know if high electric fields induce 
a FE phase or only align the (micro) domains in the already exis- 
ting FE phase. The investigations reported here, have been res- 
tricted mainly to the composit ion PLZT 11.1/55/45. Properties of 
other PLZT x/55/45 (with 8.1 ~ x $ 14.1) ceramics at high elec- 
tric fields have been studied too, but will not be reported ex- 
tensively here. 
Experiments 
For these experiments samples with a density better than 96% 
and a grain size larger than 5 ~m have been used. The preparation 
and character isat ion have been described in ref. 5. 
To study high field dielectr ic properties, two kinds of measu- 
rements have been performed. By means of a modif ied Sawyer-Tower 
circuit P (polarization) - E (electric field) hysteresis loops 
were obtained at a frequency of 0.05 Hz. Using a General Radio 
Impedance Bridge 1650A, with dc bias fields between 0 and 12 kV/ 
cm, capacitance and dielectr ic losses were measured. 
Results 
In the next sections the expressions "thermally depoled" and 
"ac depoled" wil l  be frequently used. A material  is thermally de- 
poled by heating it to a suff iciently high temperature, followed 
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FIG. 1 
P-E hysteresis loops for 
thermally depoled PLZT 
I].I/55/45 ceramics at dif- 
ferent temperatures. 
by slow cooling in short-circuited 
condition. The material can be ac 
T=30°C depoled by continuously reducing 
the ac field, which initial ly has 
been equal to the maximum field 
used in hysteresis loop measure- 
ments. 
For PLZT 11.1/55/45 the P-E hys- 
T=53.5°Cteresis loop changes with tempera- 
ture as shown in fig. l .a-d At low 
temperatures a rather square loop 
is observed (fig. la) which chan- 
ges in a "double loop" (fig. ib,c) 
I at increasing temperature. At still 
T=60°C higher temperatures a so-called 
"slim-loop" is found (fig. id), 
which gradually approaches linear 
P(~C/cm 2) dielectric behaviour. 
The remanent polarization Pr and 
the coercive field Ecobtained from 
T=75°C these loops as function of tempera- 
ture are shown in fig. 2. At a cer- 
tain temperature Tp we notice a 
sharp decrease in Pr" In a rather 
large temperature interval above Tp 
a finite remanent polarization Pr 
is still observed which decreases 
slowly with increasing temperature. 
Only in a temperature interval of a 
few degrees above Tp this decrease 
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of Pr wi th increas ing temperature  is fair ly large. The charac-  
ter ist ic  temperature Tp can also be deduced from E c versus tempe- 
rature. At Tp the shape of the hysteres is  loops changes from 
square to double loops. 
In the same fig. 1 the init ia l  P-E curves are also shown, 
start ing from the thermal ly  depoled state. A d iscont inuous  change 
wil l  be not iced at a certa in  e lectr ic  field, cal led the cr i t ical  
f ield Ecu. Fig. 3 shows the var ia t ion  of both E c and Ecr as a 
funct ion±of  temperature.  It shows a d_~ecrease of E c and an i__nncrease 
Pr 
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FIG. 2 
Remanent po lar izat ion Pr and 
coercive field E c as funct ion 
of temperature for PLZT 11.1/ 
55/45. 
Ec.E~I (k~m)l / 
6.0 
4.0 
2.0 
, ~ 
' eb  ' sb 
TeC) - 
F IG .  3 
Coercive field E and crit i-  c 
cal field Ecr versus tempera- 
ture for PLZT ] I. 1/55/45. 
of Ecr with i__nncreasing tempera-  
ture. Fur thermore two parts of 
Ecr as a funct ion of temperature 
can be d is t ingu ished with a break- 
point  around Tp. 
Thermal ly  depoled mater ia l  be- 
low T_ gives P-E hysteres is  loops 
of th~ type shown in fig. 4a. 
With e lectr ic  f ields smal ler  than 
Ecr only a small remanent  polar i -  
zat ion is found. However, wi th 
e lectr ic  f ields h igher than Ecr 
normal square loops with high Pr 
are observed. So the hysteres is  
loop character is t ics  of thermal ly  
depoled mater ia l  change suddenly 
at Ecr. Ac depoled mater ia l  be low 
Tp shows square loops both at 
e lectr ic  f ields smal ler  and 
E (kV/cm) 
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FIG. 4 
P-E hysteresis  loops for thermal -  
ly depoled (4a) and ac depoled 
(4b) PLZT 11.1/55/45 at 40°C. 
(1: E < E ; 2: E > E ). 
max cr max cr 
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h igher  than Ecr (fig. 4b). At temperatures  above Tp no di f feren-  
ces in the P-E hysteres is  loops between thermal ly  Nnd ac depoled 
mater ia ls  have been found. 
In fig. 5 the results  of d ie lect r ic  measurements  on ac depoled 
samples are shown. The temperature  at which e' is max imum wil l  
be cal led T'_ whi le  T b is the temperature  cor responding to the 
max imum value 'of  e". The app l icat ion  of a bias f ield causes a 
shift  of T b to h igher  temperature,  whereas  T c' is only weakly  in- 
f luenced (compare Table I). For thermal ly  depoled mater ia l  a 
small  decrease in T b (and T' ) has been found for increas ing dc c 
bias e lectr ic  f ields smal ler  than Ecr (Table I), whi le  T b in- 
creases for increas ing f ie lds larger than Ecr (Table I, poled ma- 
terials).  At temperatures  be low Tb, e' and e" for ac depoled ma- 
ter ia ls  and for poled mater ia ls  are cons iderab ly  smal ler  than 
those for thermal ly  depoled mater ia ls .  For temperatures above T b 
there is a l i t t le d i f ference between thermal ly  and ac depoled ma- 
terials. Once again it must be remarked that there are no or only 
l i t t le d i f ferences in d ie lect r ic  behavior  between the poled and 
the ac depoled condit ion,  whereas  thermal ly  depoled mater ia l  
shows a rather  d i f ferent  d ie lect r ic  behaviour.  
X-ray exper iments  show no detectable  d i f ferences  in crystal  
symmetry  or unit  cel l  d imens ions  of the ac depoled and thermal ly  
depo led mater ia ls .  Nor have there been found any superst ructure  
ref lect ions.  The crystal  st ructure has been indexed as tetragonal  
wi th a rather  small  dev iat ion  from the cubic symmetry 15]. For 
PLZT 11.1/55/45 there has been found a c/a rat io of 1.005 (~ 
0.001). 
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FIG. 5 
Die lectr ic  permit t iv i ty  e' 
and loss ~" (10 kHz) versus 
temperature for ac depoled 
PLZT 11.1/55/45. 
(I: no bias field; 2: with 
dc bias field of 9.43 kV/ 
cm; : E'; ---: e") 
TABLE 1 
Var iat ion of character is t ic  dielec- 
tric parameters (at 10 kHz) by ap- 
plying dc bias f ields to thermally 
depoled, ac depoled and poled 
PLZT 11.1/55/45 ceramics. 
Tb(°C) ic blas(kV/cm) e max Tc'(°C) C'max 
Thermal ly  depoled 
0 57 750 87 12500 
1.32 56 850 84 12900 
A.c. depoled 
0 56 810 84 12800 
1.32 56 860 84 12900 
3.77 62 1130 82 13800 
9.43 73 620 84 12800 
Poled 
0 55 850 85 12600 
1.32 58 850 88 13150 
9.43 74 575 87 13000 
Discuss ion 
In this sect ion a rest r ic t ion  has been made to phenomena oc- 
curr ing main ly  in the temperature region be low Tp, in which tem- 
perature  region square P-E hysteres is  loops have been found. 
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The characterist ic temperature T b is almost equal to Tp (at 
E = 0) and is probably a transit ion temperature. At this tempera- 
ture a strong decrease in ferroelectr ic properties (Pr, Ec) as 
well as a maximum in dielectr ic losses occur. At this tempera- 
ture prel iminary work has shown a rather sudden decrease in unit 
cell dimensions too. The temperature of the maximum in the die- 
lectric constant T~ , however, occurs at a much higher tempera- 
ture. 
The discontinuous change in the first run of P-E hysteresis 
loops (fig. I) indicates an electric f ield- induced transition. 
Another indication for this transit ion is the change in the shape 
of the hysteresis loop for thermally depoled material by passing 
through Ecr (fig. 4a). At room temperature we have also noticed 
a marked decrease of e' and e" by passing through Ecr in dielec- 
tric measurements performed under increasing dc bias fields (to 
be published). 
This discontinuous change in the initial P-E curve does not 
represent the al ignment of domains as normally found in ferro- 
electrics. For Ecr (characterising the discontinuous change) 
increases at increasing temperature (fig. 3), whereas domain 
al ignment wil l  occur at decreasing critical fields with i__nncrea- 
sing temperatures. This phenomenon of easier domain or ientat ion 
is reflected in the temperature dependence of E c. 
In thermally depoled materials little indications for ferro- 
electr icity have been found (a very low Pr, i l lustrated in fig. 
4a). A ferroelectr ic domain structure has not been found too. 
On the other hand there are indications that thermally depoled 
material has anti ferroelectr ic (AFE) features. In AFE materials 
the transit ion temperature to the PE state, here probably T b, 
should decrease at increasing dc bias field, as the latter has 
a higher dielectr ic constant. This corresponds with our results 
for PLZT 11.1/55/45 (table I and fig. 3). 
Ac depoled materials and poled materials clearly show FE fea- 
tures like square hysteresis loops (fig. 4b) and an increase in 
the transit ion temperature to PE with increasing dc bias fields 
181, which is ±l lustrated in fig. 5, table I and fig. 3. 
So in thermally depoled material  (at temperatures below Tp) 
electric fields higher than Ecr will induce a phase transit ion 
from AFE to FE. The reverse transition wil l  occur only by 
heating the material above T b and slow cooling below T b. So at 
temperatures below T b and at fields lower than Ecr a metastable 
FE phase can exist. 
The preceeding considerat ions make it possible to construct 
from fig. 3 an E-T phase diagram for (thermally depoled) 
PLZT 11.1/55/45, which is presented in fig. 6. The phase transi- 
tion AFE to PE is given by the transit ion temperature T b versus 
dc bias field (table I), which gives a "rather weak decrease of 
T b with increasing field. The transit ion FE to PE is indicated 
by the high temperature part of Ecr versus T above the break- 
point in fig. 3. This FE to PE phase transit ion can also be in- 
dicated by the change of T b at higher dc bias fields (table I, 
poled materials), which shows a comparable temperature dependence, 
although the absolute values are different. At last the AFE to FE 
transit ion is def ined by the lower temperature part of 
Ecr versus temperature in fig. 3. 
A thermodynamical  descr ipt ion of phase transit ions in AFE 
materials has already been given by Okada I 101 . For 
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a f i rst  order  t rans i t ion  f rom the AFE 
to the FE state he stated that Ecr is 
decreas ing  s lowly when the temperature  
is raised. Whereas  for the induced f i rst  
order  phase t rans i t ion  f rom PE to FE 
Okada pred ic ted  a strong increase of Ecr  
w i th  increas ing  temperature.  This pre- 
d ic ted  behav ior  for Ecr is observed in 
our exper iments  for the PE to FE tran- 
s i t ion (fig. 3). However,  we did not 
f ind a smal l  decrease  of Ecr (below Tb), 
but just the oppos i te  viz. a small  in- 
crease of Ecr  w i th  increas ing  tempera-  
ture. 
It must  be remarked that theoret ica l -  
ly all phase transi t ions,  e.g. AFE to 
PE, FE to PE and AFE to FE can be 
broadened.  Indeed there are in- 
d icat ions  that for instance the FE to 
PE t rans i t ion  is a d i f fused  one. For 
above T b (the phase t rans i t ion  tempera- 
ture) the remanent  po la r i za t ion  has sti l l  
a f in i te value, wh ich  s lowly decreases 
wi th  increas ing  temperatures  to zero. 
For  PLZT 10.5/55/45 the same k ind of p roper t ies  as for 
PLZT 11.1/55/45 have been found. For thermal ly  depoled mater ia ls  
wi th  La concent ra t ions  < 10.2 at.% and at temperatures  be low T b 
we did not observe an e lec t r i ca l ly  induced phase transit ion.  
For these compos i t ions  we have only observed domain  or ientat ion  
in the a l ready FE mater ia l  at increas ing  dc e lect r ic  f ields. In 
thermal ly  depo led PLZT 12.0/55/45 and PLZT 12.2/55/45 and at 
temperatures  be low T b ind icat ions  for the ex is tence of an AFE 
phase have been found too. App ly ing  h igh e lectr ic  f ie lds to this 
mater ia l  also resul ts  in a phase t rans i t ion  to the FE phase; 
removal  of this f ie ld however  gives the revers ib le  t rans i t ion  
f rom the FE phase to the AFE state w i thout  heat ing  and cool ing 
procedure  as for PLZT 11.1/55/45.  St i l l  h igher  La concentrat ions ,  
as e.g. PLZT 13 /55 /45 ,a l ready  show at room temperature  l inear 
behav iour  between po la r i za t ion  and e lectr ic  f ie ld and are consi-  
dered as PE. 
For PLZT ceramics  wi th  a Zr to Ti rat io near 55 to 45 an in- 
duced AFE to FE phase t rans i t ion  has not been reported in l ite- 
rature. Though for PLZT ceramics  w i th  e h igh Zr content  (e~.  
PLZT 10/80/20) this t rans i t ion  has a l ready been observed 191 • 
Suggest ions  were made for the ex is tence of an AFE phase in some 
PLZT x/65/35 ceramids 13,11,12 l , though no c lear  ind icat ions  
for such an AFE phase were  given. Carl  and Ge i~en 131 re jected 
the AFE concept  ~n the case of PLZT x/65/35 because the losses 
were cons idered  too high. Indeed AFE mater ia l s  having few (and 
rather  large) domains  should possess  low losses. But for the 
PLZT compos i t ions  under cons iderat ion  here the energy d i f feren-  
ces between the FE AFE and PE phases are probab ly  small  (dif- 
fuse phase t rans i t lons) .  So in the AFE phase a cer ta in  amount 
of FE phase can exist  (metastable, f luctuat ions) .  This wi l l  
ra ise the d ie lect r i c  losses, in accordance wi th  our exper iments.  
Keve et al. 141 c lear ly  found f ie ld - induced phase t rans i t ions  
in PLZT x/65/35 ceramics.  The s imi lar i ty  between our observed  
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f ield- induced phase transit ions and those of Keve et al. is the 
occurrence of a non-reversible phase transit ion and the occur- 
rence of ferroelectr ic features for poled and ac depoled mater 
rials. The dif ference is that no detectable crystal structure 
change has been observed at our f ield- induced phase transit ions 
where both phases have tetragonal symmetry, whereas, Keve et al. 
found a cubic (non ferroelectric) structure for thermally de- 
poled material, which changed over to a tetragonal or orthorhom- 
bic structure at the f ield- induced transition. 
It is concluded that thermally depoled ceramic PLZT 11.1/55/45 
possesses dominating AFE features at temperatures below the 
transit ion to the PE state. Applying electric fields gives a 
f ield- induced phase transit ion to a FE state. "Coexistence" of 
one stable with one or two metastable phases in a certain tem- 
perature-electr ic field region seems possible on the basis of 
quasi-static f luctuations (heterophase fluctuations). This will 
give rise to broadening of the phase transition. An explanation 
along this line has been given by Cook I131 for phase transi- 
tions in some metal systems. For ferroelectr ic materials this 
concept of heterophase f luctuations has already been used by 
Fr itsberg 1141. 
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